The magnetic response of the strongly underdoped Y 0.47 Pr 0.53 Ba 2 Cu 3 O 7−␦ was investigated. We found the presence of superconducting and magnetic orders deep into the paramagnetic state, up to 200 K, which manifest as diamagneticlike response and hysteresis, respectively. We propose that the main source of irreversibility in this T range is the softening and melting of the glassy state into a viscous liquid of entities that behave like superparamagnetic particles with antiferromagnetic cores.
I. INTRODUCTION
Cuprate superconductors emerge from Mott insulators by doping. The effect of doping is nontrivial and, at 0 K, the quantum fluctuations generate criticality hence transitions between a couple of phases with different competing or coexisting orders. At finite temperatures, close to each quantum critical point, the dynamic properties of the system are anomalous reflecting, by continuity, the features of the competing orders. This picture is generally valid for all cuprates, but each system has a specific intermediate phase structure which, for most of the cuprates, is still under debate.
By far, the most investigated system is La 2−x Sr x CuO 4 . In this system, between the antiferromagnetic ͑AFM͒ and superconducting ͑SC͒ phases, the doping generates an insulating state with frozen short-range magnetic order ͑cluster spin glass͒. [1] [2] [3] [4] [5] This glassy state survives even at increased doping levels, at which the superconducting order becomes dominant. [6] [7] [8] In the case of the bilayer YBa 2 Cu 3 O 6+x , the nature of the phases on the underdoped side of the superconducting dome is still controversial. Initially, it was suggested that AFM and SC phases meet at a quantum critical point. [9] [10] [11] Sutherland et al. 12 have interpreted the heat conductivity data in terms of an intermediate state between the AFM and SC states that is characterized by delocalized fermionic excitations. Additionally, neutron-scattering experiments have shown strong dynamic antiferromagnetic correlations deep into the SC state. 10 Moreover, Sanna et al. 13 claim, based on muon spin relaxation ͑SR͒ data, the existence of stripelike AFM and SC domains for strongly underdoped but superconducting samples ͑x = 0.4͒, with the AFM domains, however, small enough to be "transparent" to the SC ordering. Nevertheless, it was demonstrated that the unusual commensurate AF phase ͑in plane staggered moment Ϸ0.05 B ͒ is subcritical and fluctuates on a nanosecond time scale. 14, 15 The Pr substitution for Y in Y 1−x Pr x Ba 2 Cu 3 O 7−␦ seems to be a special case. For optimal oxygen doping, Pr has an antidoping effect as a result of the hybridization of the f-p orbitals, pushing the system outside the SC dome for x ജ 0.55. Early investigations on this system have concluded that SC emerges directly from the AFM state at x c = 0.55 without any intermediate phase. [16] [17] [18] However, SR experiments 17 have shown that short-range magnetic correlations are present inside the superconducting dome ͑for
A phase diagram for Y 1−x Pr x Ba 2 Cu 3 O 7−␦ is shown in Fig.  1 , in which the charge-carrier dependence of the superconducting transition temperature T c of the single crystals measured by us, 19 and of the Neél temperatures of Cu and Pr sublattices, from data by Cooke et al., 18 are plotted. Above the lines delimiting the low-symmetry states, i.e., SC and AFM, a paramagnetic state is predicted by mean-field theory. However, at low carrier concentrations, in the crossover region of the SC and AFM phases, the strong fluctuations of the competing orders could extend far into the paramagnetic state and affect the magnetic response of the sample. 3 , was grown using a standard procedure described elsewhere 20 and was submitted to a complex magnetic investigation: magnetization M vs magnetic field H, and dc-and ac-magnetization vs temperature measurements. These measurements were performed with a superconducting quantum interference device ͑SQUID͒ magnetometer. The single crystal was mounted on a Teflon support, which was submitted to the same investigations as the sample in order to subtract the background contribution of the Teflon from the measured signal. Each run was performed after the single crystal was warmed up to temperatures higher than 200 K and cooled in zero-magnetic field down to the temperature of investigation. In some cases, different protocols were applied for field sweep as described below. In all cases, the field was applied perpendicular to the ab plane of the single crystal. The sample has a critical temperature T c = 13 K as obtained from ac-susceptibility measurements.
For comparison, we also measured the temperature dependence of the resistivity. We attached four gold wires ͑0.025 mm in diameter͒ with silver epoxy onto each of the two large faces of the single crystal. A constant current I ഛ 1 mA was fed alternately on both faces, and the voltage on each face of the single crystal was measured at set temperatures between 1.9 and 300 K. The out-of-plane c and in-plane ab resistivities were calculated using an algorithm described elsewhere. 21 The critical temperature, taken at the midpoint of the normal-superconductor transition, was also found to be 13 K. Figure 2 shows the magnetization M vs applied magnetic field H measured at 2 K. The hysteresis loop is typical for superconducting systems coexisting with local paramagnetic moments. Therefore we assume that the magnetization loop is the superposition of a typical superconducting magnetization and a Brillouin function describing the paramagnetic moments. In order to check the correctness of this assumption, we investigated the low field dependence of the magnetization, −900ഛ H ഛ 900 Oe, at temperatures high above the critical temperature where a paramagnetic behavior due to Pr and Cu ions is expected. Surprisingly, the hysteresis loops survive up to temperatures as high as 200 K.
III. RESULTS AND DISCUSSION
Figures 3͑a͒-3͑d͒ show the evolution of the magnetization from temperatures below T c ͓Fig. 3͑a͔͒ up to 200 K ͓Fig. 3͑d͔͒. The remanent magnetization, defined as the width of the hysteresis curve at H = 0, decreases fast with increasing T ͑see inset of Fig. 2͒ . At high temperatures or magnetic fields, the magnetization loops show a small tendency to saturation, like in the case of ferrimagnetic materials. At even higher applied magnetic fields, the magnetization becomes reversible but it starts to deviate from linearity in a sublinear way ͑see Fig. 4͒ , which is more conspicuous at low temperatures.
There could be several reasons responsible for the above discussed irreversibility for T c Ͻ T ഛ 200 K. For example, one could associate this irreversibility with a history dependent antiferromagnetic domain structure, like in the case of site-diluted antiferromagnets. 22 However, 200 K is close to the Néel temperature T N Cu for the pure PrBa 2 Cu 3 O 7−␦ , which makes this assumption less plausible. Additionally, the fact that the deviation of M͑H͒ from linearity is small indicates that the paramagnetic state is dominant in this temperature range. The sublinearity noticed at high fields suggests that the reason for the hysteretic behavior of M͑H͒ could be the existence of some magnetically ordered "objects" with an internal magnetic structure, embedded in a paramagnetic "sea." Hence with increasing magnetic field, these objects orient along the magnetic field and their total magnetic moment evolves toward saturation. One would expect that the number of these magnetic entities decreases with increasing temperature and, finally, they disintegrate as free moments. This evolution would explain the fast decrease of the remanent magnetization with increasing T ͑see inset of Fig. 2͒ .
For a further insight into the magnetic response, we investigated the temperature dependence of the dc susceptibil- ity for several applied magnetic fields. As shown by Fig. 5 a general feature is the strong field dependence of the susceptibility. This effect is not present in Y 1−x Pr x Ba 2 Cu 3 O 7−␦ with low x values, i.e., close to the optimal doping, and is contrary to the standard paramagnetic behavior. For H ഛ 400 Oe, all the curves display irreversibility, i.e., a difference between zero-field-cooled ZFC and field-cooled FC susceptibilities, which, at low applied magnetic fields, extends far above 100 K. The zero-field-cooled susceptibility ZFC is negative at low temperatures and low fields, in agreement with the expected diamagnetic screening in the superconducting state. At higher temperatures, ZFC becomes positive, exhibits a wide maximum, and then decreases with further increasing T, following a Curie-Weiss ͑CW͒ law. The field-cooled susceptibility FC is monotonic with T and displays two temperature dependences. At high temperatures, it follows a CW temperature dependence for any value of the magnetic field, with parameters slightly different than the ones obtained from the ZFC ͑T͒ dependence. Below the temperature corresponding approximately to the peak in the zero-field-cooled susceptibility, FC ͑T͒ changes its behavior, roughly following a T −␣ dependence with ␣ increasing with increasing field up to ␣ Ϸ 0.5. Above 300 Oe, the transition between this T dependence at low T and the CW dependence at high T is smeared out and becomes visible only in the derivative of FC ͑T͒. As a general feature, the hysteretic behavior can be divided into two regimes ͑inset 1 to Fig. 5͒ : At low temperatures, there is a large irreversibility irr ϵ͑ FC − ZFC ͒ /2, which also shows a strong T dependence, i.e., ZFC and FC display completely different T dependences; at higher temperatures the irreversibility is small with a weak T dependence, with both ZFC ͑T͒ and FC ͑T͒ displaying a CW T dependence, i.e.,
with slightly different parameters. Here, 0 includes the Pauli and Van Vleck paramagnetism, as well as the core diamagnetism, 23 C = p ef f 2 B 2 is the Curie-Weiss constant, related to the effective Bohr magneton number, and is the Curie temperature.
On one hand, such a CW temperature dependence implies the existence of free moments in the irreversible regime. On the other hand, a history dependent paramagnetism is not consistent with one arising from ionic magnetic moments, but from magnetic moments having an internal structure, which depends on field and the measuring protocol. A fit of both ZFC ͑T͒ and FC ͑T͒ with a CW law provides fielddependent 0 , C, and . All these parameters decrease with increasing H, another behavior which rules out the ordinary paramagnetism.
Since the CW parameters obtained from ZFC ͑T͒ and FC ͑T͒ are slightly different, as discussed above, with the ZFC parameters almost always larger than the FC parameters, we chose to obtain the CW parameters in this T range using the reversible susceptibility defined as rev = ͑ ZFC + FC ͒ / 2. The validity of the CW dependence of ͑T͒ is shown by the linearity of the rev vs ͑T + ͒ −1 plot ͑inset 1 of Fig. 6͒ . The CW parameters rev and C rev follow a powerlaw field dependence, i.e., C ϰ H −␥ and ϰ H −␤ , at low fields ͑H ഛ 500 Oe͒ with ␥ Ϸ 0.58 and ␤ Ϸ 2/3 ͑Fig. 6͒, whereas 0rev decreases linearly with increasing field ͑inset 2 to Fig. 6͒ .
The ac-susceptibility measurements show a clear diamagnetic signal ͑Fig. 7͒, which is almost linear in T for T c Ͻ T ഛ 200 K. We attribute this diamagnetic signal above T c to strong superconducting fluctuations, most likely phase fluctuations. The contribution of the glassy state is not visible in these measurements because, usually, it displays a flat response if the frequency of the ac field is far from the characteristic frequency.
Diamagnetic regions at much higher temperatures than the critical temperature were first reported in SQUID microscopy measurements on underdoped La 2−x Sr x CuO 4 single crystals. 24 Diamagnetism above T c in ac susceptibility has already been reported in almost optimally doped La 2−x Sr x CuO 4 in the same geometry as the one in the present investigation. 25 Their thermal investigations have confirmed that the source of the signal is the transverse fluctuations of the phase of the order parameter, as has been predicted by Emery and Kivelson. 26, 27 An attempt to understand the above experimental data has to be based on the changes induced by Pr into the YBa 2 Cu 3 O 7−␦ cuprate, as well as the NMR, SR, and neutron-scattering data available for other superconducting cuprates at the edge of the superconducting to Mott insulator transition. The role played by Pr doping on YBa 2 Cu 3 O 7−␦ is depicted by the phase diagram of Fig. 1 . The dilution of Pr ions with decreasing x from 1 toward the critical value x c Ϸ 0.55 reduces both the Pr-Pr AFM exchange energy and the degree of f-p hybridization, which in turn decreases the Néel temperature of both Cu and Pr subsystems. The holes become itinerant and enhance the competition between longrange and short-range interactions. As a result, the AFM long-range order breaks down, 27, 28 spin randomness becomes favorable, 29 and superconducting puddles, i.e., microscopic regions with a finite superconducting order parameter but which are not phase correlated, appear. 30 Since the present magnetic investigations cannot provide information on the type of spin randomness, we assume, based on SR, neutron-scattering, and NMR data obtained on strongly underdoped but superconducting La 1−x Sr x CuO 4 and YBa 2 Cu 3 O 6+x , that there is charge and spin separation in the present underdoped cuprate. When the spin randomness is a result of phase separation, it is associated with border domains, i.e., antidomain walls ͑ADWs͒, over which a change in the orientation of the staggered magnetization occurs. 31 These ADW's accumulate the frustration induced by charge doping hence carry a finite magnetic moment and provide favorable channels for hole motion 32 and pairing. Therefore within this model, for Pr concentrations below x c , the superconducting puddles correlate their phase either through percolation or through Josephson coupling, giving rise to bulk superconductivity.
With increasing T, this glassy system changes into a viscous "liquid," i.e., droplets with antiferromagnetically ordered cores "floating" in a paramagnetic sea. Even though the density of the magnetic droplets decreases with further increasing T, they most likely survive beyond the bulk Néel temperature, as evidenced by the irreversibility present in the M͑T͒ data. As shown below, these long lasting droplets behave like superparamagnetic particles with an antiferromagnetic core and a magnetic shell corresponding to the frustrated spin region. In fact, Cho et al. 33 reported fluctuations of the staggered magnetization in the high-temperature La 139 NQR spin-lattice relaxation rate of La 1−x Sr x CuO 4 that is reminiscent of the superparamagnetic relaxation.
The above proposed model is consistent with the field and temperature dependence of the measured dc magnetization which, presumably, consists of superconducting, glassy, and paramagnetic contributions. Indeed, the low-temperature data ͑Fig. 2͒ show that in the ZFC M͑H͒ protocol, the diamagnetic screening is effective at low fields. With increasing magnetic field, the field penetrates in the form of vortices, which are extended because of the large penetration depth. In the framework on the proposed model, the magnetic droplets start to feel the presence of the magnetic field, thus contributing to the total magnetization. The stronger the magnetic field the stronger their contribution becomes, which would explain the increase of the total magnetization with increasing H. However, the increase is sublinear, with a salient tendency to saturation at high fields, most likely due to the alignment of the magnetic moments of the ADW's ͑shells͒ with the magnetic field ͑Fig. 4͒.
The M͑T͒ data are also consistent with the proposed coreshell model. In the superconducting state, starting from low temperatures and at fields up to 400 Oe, the response is diamagnetic, i.e., Ͻ 0 ͑Fig. 5͒. Also, the trapped field in the mixed state as well as the nonergodicity due to the large number of metastable states, typical for any kind of glassy state, give rise to a difference between the FC and ZFC magnetizations. At temperatures above T c , the superconducting contribution is reduced to an only negligible fluctuating diamagnetism ͑nevertheless visible in ac susceptibility͒, the droplet contribution is also weakened, hence the pure paramagnetic contribution becomes dominant. The extra paramagnetism due to the moments of the surviving droplets gives rise to a weak irreversibility, i.e., a small difference between FC and ZFC of both M͑T͒ ͑Fig. 5͒ and M͑H͒ ͓Figs. 3͑b͒-3͑d͔͒.
The magnetic moment of the shells, as in the case of superparamagnetic particles, shows a maximum in the ZFC M͑T͒ at a certain field-dependent temperature T b ͑Fig. 5͒, which is the equivalent of the blocking temperature in superparamagnetic systems. In the latter systems, the blocking temperature is proportional to the energy barrier between degenerate states. The maximum in M͑T͒ is the result of the competition between the Zeeman energy ͑which lifts this degeneracy by adding a ±H term͒ of the unfrozen droplets, which align along the applied magnetic field, and the thermal energy, which tends to randomize the moments hence to decrease M͑T͒ in a Curie-Weiss way. The peak in M͑T͒ is rather broad probably because of a distribution of the blocking temperatures in this system. At low fields, T b decreases linearly with H ͑inset 2 of Fig. 5͒; i.e.,
with T b ͑0͒ = 22.8 K and H 0 = 445 Oe. The power-law T dependence of the field-cooled susceptibility for T Ͻ T b , i.e., FC ϰ T −␣ , could also be attributed to the frustration, which generates magnetic moment. At these temperatures, the flipped spin passes into the wall increasing the wall size. Therefore the exponent ␣ increases with increasing field. A similar effect was reported in superparamagnetic systems with antiferromagnetic cores. 31 An alternative explanation for the increase of the spin susceptibility below T c has been given by Ohashi who has proposed an increase in the density of electronic states due to the generation of low-energy states around impurities. 34 This increase in turn enhances the AFM spin fluctuations, which produce an increase in the susceptibility as the temperature decreases.
The negative Curie-Weiss temperature indicates that, on average, the dominant spin-spin interaction is of AFM type.
This result could reflect the AFM nature of the droplet cores. In addition, the decrease of C with increasing H ͑Fig. 6͒ could be a result of the fact that the average magnetic moment of the droplet, which is proportional to ͱ C, decreases with increasing field. Indeed, it has been shown that H influences strongly the internal structure of the droplets by flipping the spins and reducing their exchange constant.
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IV. SUMMARY
In conclusion, we find that the magnetic behavior of Y 0.47 Pr 0.53 Ba 2 Cu 3 O 7−␦ is very complex. The magnetization data suggest the coexistence of superconductivity and glassy magnetism at low temperatures. The high-temperature regime of the system has been interpreted as consisting of a paramagnetic background, superconducting phase fluctuations, and remnants of the glassy state as droplets with an antiferromagnetic core that coexist up to very high temperatures ͑200 K͒. The latter is responsible for the hightemperature irreversibility. We propose a core-shell model for the contribution of the clusters, which is consistent with all the present data.
